Background: In the past three decades, several studies have predominantly relied on a small sample of the plastome to infer deep phylogenetic relationships in the species-rich Melastomataceae. Here, we report the first full plastid sequences of this family, compare general features of the sampled plastomes to other sequenced Myrtales, and survey the plastomes for highly informative regions for phylogenetics. Methods: Genome skimming was performed for 16 species spread across the Melastomataceae. Plastomes were assembled, annotated and compared to eight sequenced plastids in the Myrtales. Phylogenetic inference was performed using Maximum Likelihood on six different data sets, where putative biases were taken into account. Summary statistics were generated for all introns and intergenic spacers with suitable size for polymerase chain reaction (PCR) amplification and used to rank the markers by phylogenetic information. Results: The majority of the plastomes sampled are conserved in gene content and order, as well as in sequence length and GC content within plastid regions and sequence classes. Departures include the putative presence of rps16 and rpl2 pseudogenes in some plastomes. Phylogenetic analyses of the majority of the schemes analyzed resulted in the same topology with high values of bootstrap support. Although there is still uncertainty in some relationships, in the highest supported topologies only two nodes received bootstrap values lower than 95%. Discussion: Melastomataceae plastomes are no exception for the general patterns observed in the genomic structure of land plant chloroplasts, being highly conserved and structurally similar to most other Myrtales. Despite the fact that the full plastome phylogeny shares most of the clades with the previously widely used and reduced data set, some changes are still observed and bootstrap support is higher. The plastome data set presented here is a step towards phylogenomic analyses in the Melastomataceae and will be a useful resource for future studies.
INTRODUCTION
The Melastomataceae Juss. has over 5,000 species distributed predominantly across the tropical regions. The observed levels of diversity, endemism or abundance of its members across different habitats make the family an important ecological group, as well as an excellent model for a variety evolutionary studies. The Melastomataceae belong in the Myrtales, where it is sister to the small CAP clade (Crypteroniaceae, Alzateaceae and Penaeaceae), which all together form a clade sister to Myrtaceae + Vochysiaceae (Berger et al., 2016) . Plastid markers along with the nuclear ribosomal spacers (nrETS and nrITS) have been the major, and very often the exclusive, source of phylogenetic information in the family. Melastomataceae debut in molecular phylogenies was in a Myrtales-focused study, based on a partial amino acid sequence of the rbcS gene (Martin & Dowd, 1986 ). This study was followed by a more comprehensive nucleotidebased phylogeny, where the plastid rbcL gene was analyzed (Conti, Litt & Sytsma, 1996) . The first Melastomataceae-wide phylogeny used a plastid data set including the rbcL and ndhF genes plus the rpl16 intron (Clausing & Renner, 2001 ). This plastid data set is still the most employed source of information in studies focusing on generic relationships across the family (Fritsch et al., 2004; Renner, 2004; Amorim, Goldenberg & Michelangeli, 2009; Michelangeli et al., 2011; Goldenberg et al., 2012; Michelangeli, Ulloa & Sosa, 2014; Goldenberg et al., 2015; Zeng et al., 2016) . Phylogenetic studies within lower lineages of Melastomataceae have predominantly used the plastid spacers accD-psaI, atpF-atpH, psbK-psbI, and trnS-trnG, along with the ribosomal spacers nrETS and nrITS (Bécquer-Granados et al., 2008; Reginato, Michelangeli & Goldenberg, 2010; Kriebel, Michelangeli & Kelly, 2015; Reginato & Michelangeli, 2016) . Recently, the latter data set has also been used at deeper level studies (Michelangeli et al., 2013; Rocha et al., 2016) .
Family-wide phylogenetic studies based on plastid markers have uncovered major relationships in the Melastomataceae, with several implications to the classification and evolutionary understanding in the family. Early studies have consolidated the sister relationship of Olisbeoideae and the remaining Melastomataceae, settling on the currently accepted family circumscription (Conti, Litt & Sytsma, 1996; Angiosperm Phylogeny Group, 1998; but see Clausing & Renner, 2001 for a different perspective). Latter studies focused in some tribal re-arrangements (Fritsch et al., 2004; Penneys et al., 2010; Michelangeli et al., 2011) , generic placement (Amorim, Goldenberg & Michelangeli, 2009; Goldenberg et al., 2012; Michelangeli, Ulloa & Sosa, 2014; Goldenberg et al., 2015; Kriebel, 2016; Rocha et al., 2016; Zeng et al., 2016) , phylogenetic evaluation of higher species-rich lineages (Michelangeli et al., 2004; Stone, 2006; Goldenberg et al., 2008; Martin et al., 2008; Michelangeli et al., 2008; Michelangeli et al., 2013) , and lower taxon phylogenies (Bécquer-Granados et al., 2008; Reginato, Michelangeli & Goldenberg, 2010; Penneys, 2013; Kriebel, Michelangeli & Kelly, 2015; Gamba-Moreno & Almeda, 2014; Majure et al., 2015; Reginato & Michelangeli, 2016) . Even in family-wide phylogenies, the level of variation across these few sampled plastid markers is unsatisfactory, as evidenced by low statistical support among many relationships in different published analyses. This issue becomes more prominent in phylogenetic analyses of lineages within Melastomataceae, where the plastid phylogeny is overall weakly supported, and concatenated results tend to be dominated by the more variable nuclear ribosomal data (Reginato, Michelangeli & Goldenberg, 2010; Reginato & Michelangeli, 2016) .
Phylogenomic studies are sparse in the Myrtales and absent in the Melastomataceae. Currently, there are 54 full plastids of Myrtales on the NCBI database, covering three out of the nine families in the order (Lythraceae, Myrtaceae and Onagraceae). Full plastomes can potentially improve hypotheses of phylogenetic relationships within the family, as well as in the Myrtales, and provide basic information for other aspects of molecular biology (e.g., DNA barcoding, plastome evolution, development of molecular markers). Here, we present the first complete plastid genomes in the Melastomataceae, covering 16 species spread across the family. The objectives of this study are to describe the structure of the sampled plastomes; compare main features of the plastomes within the family and to other available Myrtales plastomes; and survey the plastomes for highly informative phylogenetic markers for future use.
MATERIAL AND METHODS
Taxon sampling, DNA extraction and sequencing
Genome skimming was performed for 16 species of Melastomataceae. Sampling was based on previous family wide phylogenetic studies (Michelangeli, Ulloa & Sosa, 2014; Goldenberg et al., 2015) , where each sample belongs to a different major lineage of the family, either with a formal tribe status or not. Voucher information along with GenBank accession codes are presented in Table 1 . Total genomic DNA was isolated from silica-dried tissue using the Qiagen DNAeasy plant mini-kit (Qiagen, Valencia, CA, USA) following the protocol suggested by Alexander et al. (2007) or used a modified CTAB extraction where the aqueous supernatant was silica-column purified (Neubig et al., 2014) . Total DNA samples were quantified using a NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA) or Qubit 2.0 (Invitrogen, Carlsbad, CA, USA). Total genomic libraries and barcoding was performed at Cold Spring Harbor Laboratories or at Rapid Genomics (Gainesville, FL, USA) for sequencing on an Illumina HiSeq2000 platform (Illumina, Inc., San Diego, CA, USA).
Plastid genome assembly and annotation
Total reads number yielded was on average ca. 11.5 Gb per sample (s.d. = 6 Gb). Paired reads were imported into Geneious 7.1 (Biomatters Ltd., Auckland, New Zealand), trimmed by quality (at 0.05 probability) and de novo assembled (Geneious Assembler, "low sensitivity" option, default settings). Filtered assembled contigs (length > 1 kb) were blasted against the Eucalyptus polybractea plastome (NC022393). The identified plastid contigs were then reference assembled against the E. polybractea plastome in order to generate a single contig to construct the circular maps. Eventual short gaps were filled by iteratively mapping the total paired reads against the contig ends. Plastid annotation was performed in Geneious 7.1 with Arabidopsis thaliana (NC000932) and Eucalyptus polybractea (NC022393) as references. Graphical representations of the plastid circular and linear maps were generated with OGDRAW (Lohse et al., 2013 ) and the R package genoPlotR (R Development Core Team, 2016; Guy, Kultima & Andersson, 2010) .
Plastome structure, gene content, and general characteristics of the plastid genome were compared among the 16 Melastomataceae plastomes and to eight published plastomes of Myrtales, covering all families in this order available on the NCBI website. The Myrtales plastomes included one species in the Lythraceae (Lagerstroemia fauriei-NC029808), one Onagraceae (Oenothera grandiflora-NC029211) and six Myrtaceae (Allosyncarpia ternata-NC022413; Angophora costata-NC022412; Corymbia gummifera-NC022407; Eucalyptus polybractea-NC022393; Eugenia uniflora-NC027744; and Stockwellia quadrifida-NC022414).
Phylogenetic analyses
Three major data sets were generated for phylogenetic inference. The first included the non-coding regions (ncs data set), the second included 78 protein-coding genes (cds data set), and the third consisted of fully assembled plastomes (full data set). In all data sets one of the IR sequences was removed to reduce overrepresentation of duplicated sequences. Full plastids were aligned with MAFFT v. 7 using the FFT-NS-i Â 1,000 strategy (Katoh & Standley, 2013) . Coding sequences were extracted from the full alignment, resulting in the cds and ncs data sets. Each gene in the cds data set was re-aligned using its translation under the same strategy of the full data set and then concatenated. Given that phylogenetic inference might be biased by poorly aligned regions with ambiguous homology, heterogeneous rates of substitution in the different codon positions, synonymous substitutions in Arginine, Leucine and Serine codons, among others (Misof & Misof, 2009; Cox et al., 2014) , we further divided the three major data sets into six different schemes where we attempted to circumvent those issues. Poorly aligned regions of the ncs data set were removed using aliscore.pl with the -N and -r options (Misof & Misof, 2009) , and in the cds data set; all codons coding for Arginine, Leucine and Serine were ambiguated. Thus, the final six schemes included: 1. all ncs data set (ncs); 2. ncs data set without poorly aligned sites (ncs filtered); 3. all cds data set (cds); 4. cds with A, L and S codons ambiguated (cds ambiguated); 5. translated cds (protein); 6. ncs filtered plus all cds non-ambiguated (full). Additionally, in order to carry out a more objective comparison with previous phylogenetic hypotheses, we also analyzed a reduced data set that included only the three more commonly used markers for family wide phylogenies in the Melastomataceae (ndhF and rbcL genes along with the rpl16 intron, concatenated). Phylogenetic inference for all schemes was performed using Maximum Likelihood implemented in RAxML 8.2.4 (Stamatakis, 2014) . The GTR+G model was employed for all nucleotide data and the PROT+G model for the protein sequences. Support was estimated through 1,000 bootstrap replicates. Protein-coding sequences were partitioned by codon position in all schemes, while no partitioning was employed for the non-coding regions.
Phylogenetic informative regions
In order to identify and rank highly phylogenetically informative regions in the Melastomataceae plastomes, all introns (19) and variable intergenic spacers with suitable size for PCR amplification (22) were selected and compared. Each individual marker was aligned with MAFFT (FFT-NS-i Â 1,000 strategy), and its Maximum likelihood tree inferred with RAxML (not partitioned, GTR+G model, 100 bootstrap replicates). For each marker, we report the number of variable sites, number of parsimony informative sites, mean sequence distance (under K80 model), alignment length, mean sequence length, mean bootstrap support and distance to the full scheme plastid tree (RF distance; Robinson & Foulds, 1981) . The metrics were retrieved using functions of the R packages ape and phangorn (Paradis, Claude & Strimmer, 2004; Schliep, 2011) . Markers were ranked by phylogenetic information using a weighted mean of relative values of the following metrics: number of variable sites (weight = 1), mean bootstrap (weight = 2) and distance to the full plastid tree (weight = 3). For the top 10 markers identified in the previous step, we designed primer pairs for PCR amplification. Primers flanking the target regions were designed with Primer3, using the default settings (Rozen & Skaletsky, 2000) . All metrics reported, as well primer design, considered only the ingroup (the 16 Melastomataceae plastids).
RESULTS

Plastome structure
All plastomes have a quadripartite organization, with one large single copy region (LSC), one small single copy (SSC) and two inverted repeats (IRs). A circular map of the Miconia dodecandra plastome is presented in Fig. 1 and linear maps of all Melastomataceae plastomes in Fig. 2 . Sequence depth ranged from 42 to 705 (mean = 289) and plastome length from 153,311 to 157,216 bp (mean = 155,806 pb). Sequence length and GC content of the different regions across the Melastomataceae plastomes are presented in Table 2 . Overall, GC content is similar across species within the same plastid region, while the LSC regions has the greatest standard deviation in sequence length (s.d. = 616 bp), followed by IR (s.d. = 250 bp) and the SSC (s.d. = 126 bp).
Most plastomes have 84 protein-coding genes (CDS), 37 transfer RNA (tRNA) and eight ribosomal (rRNA), totaling 129 genes (including duplicates and ycf1, ycf2, ycf3 and ycf4). Among the duplicated genes in the IR, there are six CDS, seven tRNA, and four rRNA. As for the plastid regions, GC content is similar across different species within the same sequence class (CDS, tRNA, rRNA, intron and intergenic spacers), whereas the greatest variation in sequence length is observed across intergenic spacers (s.d. = 617 bp). A comparative summary of length and GC content in the different sequence classes across the Melastomataceae plastomes is given in Table 3 . In the majority of the species sampled, gene content and order is similar to other Myrtales plastids, such as Lagerstroemia fauriei (NC029808) and Eucalyptus polybractea (NC022393). The exceptions are rps16 and rpl2, which are putative pseudogenes in some plastids. The former seems to have been pseudogenized in Graffenrieda moritziana and Pterogastra divaricata (where the first exon is absent) and in Salpinga margaritacea (with several insertions changing the reading frame in the second exon); the second copy of rpl2 gene (in the IRB) is likely a pseudogene in Salpinga margaritacea due to a shift in the IRB-LSC boundary in that plastid, which resulted in the loss of the second exon. Additionally, some variation is observed in all region boundaries across the Melastomataceae plastomes. The LSC-IRA boundary is located in the rps19 gene in most species, except in S. margaritacea where it is located in the intron of the rpl2 gene; the IRA-SSC boundary is located in the overlapping ψycf1 and ndhF; the SSC-IRB in the ycf1; and the IRB-LSC in the rpl2-trnH spacer or in the trnH gene. Introns are found in 17 genes in all Melastomataceae plastomes, including six tRNA genes and 11 CDS, from which three have two introns (clpP, rps12 and ycf3). A comparison of the number of genes, regions and plastome length of one Melastomataceae (M. dodecandra) and eight Myrtales plastids is presented in Table 4 . The sequence length of the full plastome and its regions in the Melastomataceae sampled here are in the range observed for other Myrtales.
Phylogenetic analyses
The majority of the six analytical schemes recovered the same topology (Figs. 2 and 3B ). The only exception was the "all non-coding" scheme (i.e., the full non-coding regions without filtering of dubiously aligned base pairs), where Blakea + Opistocentra, Triolena + Merianthera and Rhynchanthera assume a different position (Fig. 3A) . Pairwise tree distances among all schemes are depicted in Fig. 3C , and all Maximum Likelihood trees with bootstrap support values are given in the Fig. S1 . Bootstrap support is highest in the "full" and "cds" schemes and lower in the "protein" and "all non-coding" schemes ( Fig. 3D) . In the highest supported topologies, there are only two nodes with bootstrap values lower than 95, and those involve the relationship disagreements between the two alternate topologies (Figs. 3A and 3B) . While filtering the non-coding poorly aligned sites improved bootstrap support and also changed the topology ("ncs" vs. "ncs filtered," The commonly used plastid data set in previous family-wide studies (rbcL, ndhF and rpl16 intron) also resulted in a different topology from the "full" scheme, although with most clades in common (Fig. S2) . Disagreements involved the position of Allomaieta, Trioleta + Merianthera, Blakea + Opisthocentra, and Rhynchanthera; these disagreements manifest in nodes of low bootstrap support where, in the reduced data set, they range from 24 to 100 (mean = 73).
Phylogenetically informative regions
Summary statistics for all intron and intergenic spacers with suitable size for PCR amplification are presented in Table S1 . A list of the top 10 markers ranked by phylogenetic information, taking into account topological distance to the tree based on the "full" scheme (Fig. 2) , mean bootstrap support and number of variable sites is given in Table 5 , and the full list is available in Table S1 . All single marker phylogenies presented some disagreement to the tree based on the "full" scheme (RF tree distance ranging from 4 to 22). Bootstrap support ranged from 26 to 82 (mean = 63) and number of variable sites from 12 to 507 (mean = 224). Primer pair sequences for PCR amplification are provided for the top 5 markers in Table 6 . (Ravi et al., 2008; Wicke et al., 2011) . In general, the quadripartite organization, gene content and order are conserved, and GC content is usually stable within plastid regions and sequence classes (Ravi et al., 2008; Wicke et al., 2011) . Melastomataceae plastomes are no exception for these patterns, being highly conserved and structurally similar to most other Myrtales, as well as to an ordinary angiosperm plastome. Melastomataceae plastomes' mean length (156 kb) is closer to the upper bound observed across most plants (165 kb), while the number of genes and GC content are around the average (90 genes, GC = 37%; Ravi et al., 2008) . High conservation in genomic structure of plastomes among the Myrtales has been previously suggested (Gu et al., 2016) and is extended here to include Melastomataceae. The greatest variation in sequence length among different region classes in Melastomataceae are observed in the intergenic spacers, which is also another general pattern in plastomes (Ravi et al., 2008; Gu et al., 2016) . Additionally, the boundaries of the IRs vary, as observed in some Myrtales and other groups (Bayly et al., 2013) . Conservation in gene order, content and virtual lack of recombination make the plastome a useful tool for plant phylogenetic studies (Ravi et al., 2008 ). An updated comprehensive phylogenetic hypothesis for the entire Melastomataceae is overdue, and full plastid sequences would contribute greatly to such an endeavor. Additionally, as sampling increases in the Myrtales, full plastids also might help to narrow down phylogenetic uncertainty in the Myrtales (e.g., Combretaceae position, Berger et al., 2016) . Despite the fact that the full plastome phylogeny recovered here shares most of the clades with the widely used "rbcL + ndhF + rpl16" tree, some changes are still observed and bootstrap support is higher. A more conclusive account on the extent of such changes will require more taxa to be sampled.
Here, we provide a list of potentially highly informative plastid markers for Melastomataceae. We acknowledge that the information descriptors employed are very sensitive to the taxa under analysis. Nonetheless, this ranked list can be used as guidance for sampling design of future studies, whereas the new family specific primers will increase the plastid options for Sanger sequencing-based phylogenies. There has been some debate as to whether the availability of full plastome sequencing (and other NGS tools) would render Sanger sequencing obsolete (Hert, Fredlake & Barron, 2008) . Here we show that a full plastome phylogeny is an improvement on single or few plastid loci phylogenies, especially on the level of statistical support. However, considering scalability, computational complexity and budget limitations, a comprehensive NGS-based phylogeny for the mega-diverse Melastomataceae might not be achieved in the short term. Nonetheless, an expanded full plastome data set along with the more abundant Sanger-based sequences available, could be coupled in future studies. A hybrid NGS and Sanger sequencing approach has been employed for other groups (Xi et al., 2012; Leaché et al., 2014; Gardner et al., 2016) , and could help clarifying the backbone of a comprehensive Melastomataceae phylogeny. Recalcitrant phylogenetic backbones are a widespread and challenging phenomenon in angiosperms (Xi et al., 2012; Straub et al., 2014) , and their resolution is critical to increase the confidence of ancestral state reconstructions, historical biogeographical scenarios and other evolutionary hypotheses. Although full plastomes, or an expanded sample of plastid markers, may help to improve the confidence of phylogenetic relationships within the Melastomataceae, we also recognize the need of parallel sampling of additional independent genealogies (i.e., nuclear and mitochondrial genomes) for further refinement in the Melastomataceae tree.
